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RANGIA CUNEATA CLAM DECLINE IN LAKE PONTCHARTRAIN FROM 
2001 TO 2014 DUE TO AN EL NIÑO SOUTHERN OSCILLATION SHIFT 
COUPLED WITH A PERIOD OF HIGH HURRICANE INTENSITY AND 
FREQUENCY
Michael A. Poirrier* and Claire E. Caputo
Department of Biological Sciences, University of New Orleans, 2000 Lakeshore Drive, New Orleans, LA, USA 70148;  
*Corresponding author, email: mpoirrie@uno.edu
AbstrAct: The clam, Rangia cuneata, occurs in low salinity zones of Atlantic and Gulf of Mexico estuaries. Prior to 2001, it was abundant 
in Lake Pontchartrain, a large and shallow oligohaline estuary, located north of New Orleans. However, density abruptly decreased by 96% 
after an extreme drought from an El Niño Southern Oscillation (ENSO) shift (1998—2000). Stable higher salinities resulted in the establishment 
of higher salinity communities. The hooked mussel, Ischadium recurvum, increased abruptly and colonized live R. cuneata. Competition from I. 
recurvum and the R. cuneata decline occurred at the end of the drought, despite a decrease in salinity. After the drought, there was a period 
of high hurricane intensity and frequency which stifled clam recovery. Their densities remained relatively low due to declines from hurricane 
disturbances in 2005, 2008 and 2012. In 2014, after two years without severe hurricane effects, density and biomass recovered to baseline 
years (1954 and 1997). Barrier island erosion caused by Hurricane Georges in 1998 and adverse effects of the ENSO drought on wetlands 
may have set the stage for increased effects of subsequent hurricanes. High relative sea level rise, wetland loss and erosion of barrier islands, 
which occurred with each successive storm, potentially increased the size of surges. Surges resuspended sediments which buried clams and 
abruptly increased salinity and lowered dissolved oxygen. Salinity stratification persisted after storms and caused hypoxia in bottom waters. 
Storm surge interactions with discharges from the Bonnet Carré Spillway, a Mississippi River flood diversion structure, and the MRGO, a ship 
channel, also exacerbated hurricane effects.
Key words: drought, storm surges, sea level rise, climate change, Ischadium
IntroductIon
Rangia cuneata (Sowerby I, 1832) is indigenous to low sa-
linity areas of Atlantic and Gulf of Mexico estuaries, and has 
recently been reported from Europe (Verween et al. 2006). 
It is an important component of estuarine ecosystems be-
cause it provides food for fishes, crabs, shrimp, waterfowl, 
and humans (LaSalle and de la Cruz 1985), and performs 
important environmental services, including water filtra-
tion and shell production, which stabilizes soft bottoms. It 
generally occurs at salinities < 18, but is more abundant in 
oligohaline (0.5—5) waters where it experiences less competi-
tion and predation due to low species diversity (LaSalle and 
de la Cruz 1985). Fairbanks (1963) studied the growth rate 
of R. cuneata in 2 areas of eastern Lake Pontchartrain dur-
ing 1957 and 1958. His estimated annual growth in length 
for 3 years were 15—20 mm (year 1), 20—29 mm (year 2) and 
24—34 mm (year 3). LaSalle and de la Cruz (1985) estimated 
the average life span to be 4—5 years and, based on several 
studies reported in Louisiana, spawning may be continuous 
with most spawning from March to May and late summer 
to November. Spawning, however, has been reported by 
Cain (1975) to be dependent upon a salinity shift of ± 5 at 
temperatures above 15°C. Rangia cuneata has been consid-
ered an indicator species in Lake Pontchartrain, Louisiana, 
where its density (N/m2) has been proposed as a measure 
of recovery from shell dredging, saltwater intrusion (Abadie 
and Poirrier 2000), and general anthropogenic disturbances 
(Houck 1989).  
The earliest baseline data for R. cuneata from Lake Pon-
tchartrain were obtained by Suttkus et al. (1954). They only 
studied clams > 20 mm and reported a mean density of 95/
m2. Studies conducted in 1969—1972 (Tarver and Dugas 
1973), 1978—1980 (Sikora and Sikora 1982) and 1982—1983 
(Poirrier et al. 1984) indicated declines in large clams (> 20 
mm) from 1954 baseline densities, which were mainly at-
tributed to commercial shell dredging (USACE 1987). Den-
sities increased to 1954 levels after dredging was stopped in 
1990, but large clams were still absent from a 250 km2 area 
subject to saltwater intrusion from the MRGO (Abadie and 
Poirrier 2000). The post—dredging increase in large clam 
density from 1996 through 2000 was regarded as a return 
to normal conditions. However, there was an unexpected, 
abrupt 96% density decrease between 2000 and 2001 (Fig-
ure 1) after a severe drought (Visser et al. 2002), linked to 
an El Niño Southern Oscillation (ENSO) shift from the 
strongest El Niño in the last century (Zheng et al. 2003) 
to a La Niña from 1997 to 2001 (Cho and Poirrier 2005, 
Poirrier et al. 2009). We were uncertain about the cause of 
the 2001 clam density crash after the drought and whether 
or not recovery to pre—drought density levels would eventu-
ally occur. Densities have remained substantially lower than 
pre—drought levels (1998—2000) even after the closure of 
the MRGO (Poirrier 2013). Poirrier et al. (2013) proposed 
that clam density recovery from the 2001 density crash did 
not occur because of storm surges from a period of high 
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hurricane intensity and frequency (Figure 1). These surges 
were enhanced by relative sea—level rise (Burkett 2008, 
Roth 2010), associated accelerated wetland and barrier is-
land loss (Penland et al. 2001), and a possible increase in 
the cross—sectional area of the tidal passes (Li et al. 2009) 
during and after severe hurricanes. Anthropogenic climate 
change may have also directly increased hurricane intensity 
(Burkett 2008). Severe hurricane surges can have a direct 
lethal effect on benthic invertebrates (Poirrier et al. 2008): 
they disturb sediments, which bury clams, abruptly increase 
salinity, and produce water column stratification with an-
oxic and hypoxic bottom water (Poirrier et al. 2013). 
Unlike most estuaries, Lake Pontchartrain has a slow 
flushing rate due to narrow tidal passes and weak lunar 
tides. This makes it more sensitive to variation in rainfall 
and stratification from storm surges. High sediment re—sus-
pension from wind occurs due to its shallow depth and large 
fetch. Re—suspended sediments are not flushed, but rather 
are re—deposited on the bottom (Flowers and Isphording 
1990). Earlier studies based only on large clams (Poirrier et 
al. 2009, Poirrier et al. 2013) documented the significant, 
potentially drought—driven 2000—2001 population crash, 
but did not find recovery. They did not have the statistical 
power to determine significant annual differences due to 
hurricanes because large clam densities were low and there 
was high variance due to only 5 sampling sites being used.
This study was divided into two components, the La 
Niña drought and hurricane effects. The overall goal of the 
drought study was to investigate the specific causes of the 
2001 crash by examining 1) changes in the density of 5 mm 
size classes and total biomass, 2) the relationship between 
density and salinity changes, 3) competition from substan-
tial increases in the hooked mussel, Ischadium recurvum, and 
other related changes in community structure of R. cuneata 
from 1998 through 2005. Goals of the hurricane effects and 
recovery study were 1) to determine if there were significant 
reductions in clam density and biomass of major size classes 
(15 mm) in years after major hurricanes compared to non—
hurricane years, and 2) to determine if recovery of R. cu-
neata to 1954 and 1997 baseline levels occurred after 2013 
and 2014, two years without hurricanes or high—salinity 
related stress. This study was part of a general, long—term 
study of benthic invertebrate community structure, which 
supported our results, but was too complex to include with 
this R. cuneata study.
MAterIAls And Methods
Area of Study
Lake Pontchartrain is a large, shallow, oligohaline 
estuary located north of New Orleans, Louisiana, USA 
(Figure 2). Its two relatively narrow tidal passes open into 
Lake Borgne, the Biloxi Marsh and the Chandeleur Islands, 
which are part of a deteriorating Mississippi River deltaic 
system abandoned by the Mississippi River (Saucier 1963). 
Lake Pontchartrain has a mean salinity of 3.9 (Francis et 
al. 1994), a surface area of 1,630 km2, and a mean depth 
of 3.7 m (Sikora and Kjerfve 1985). Higher salinity waters 
enter from the east through these tidal passes. It receives 
fresh water from rivers and bayous to the west and north, 
urban outfall canals on the south shore, and from periodic 
openings and leakage of the Bonnet Carré Spillway, a 
Mississippi River flood diversion structure (Brammer et 
al. 2007). Therefore, salinity generally decreases from east 
to west (Swenson 1980). It is adversely affected by urban 
and agricultural runoff, shoreline modification (Penland 
et al. 2001), Bonnet Carré Spillway openings, and was 
affected by saltwater intrusion from a former ship channel, 
the Mississippi River Gulf Outlet (MRGO), that produced 
salinity stratification and periodic bottom water anoxia/
hypoxia from 1968 to 2009 (Poirrier 2013). 
Field and Laboratory
In the field, 3 replicate infaunal samples were taken at 
sites sampled throughout Lake Pontchartrain (Figure 2) us-
ing a 15 cm2 petite Ponar dredge. Samples were separated 
from fine sediment using a Wildco 12 L, 0.6 mm sieve buck-
et, and then preserved in 10% Borax—buffered formalin 
with Rose Bengal stain. Salinity and dissolved oxygen were 
measured at 30 cm below the surface and above the bottom 
with a YSI—85 S—C—T meter. In the laboratory, samples 
were rinsed in a 0.5 mm sieve and preserved in 70% isopro-
panol. Clams were removed from rinsed dredge samples, 
placed in 5 mm size classes and counted. Clams < 5 mm 
were excluded from the data set due to their low numbers 
Figure 1. Pre—drought period of high clam density, the post—drought 
2001 density crash, and period of low density associated with hurricane 
activity.  Years sampled during 1996—2013 and events including: hurri-
canes and tropical storms, Bonnet Carré Spillway openings (BCS), El Niño 
Southern Oscillation (ENSO) drought years, Mississippi River Gulf Outlet 
(MRGO) closure, spatial and temporal bottom salinity changes across the 
width of the Lake on 5 E—W transects (EW1 – EW5). H = hurricanes and 
TS = tropical storms.
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when large clams were present, their rapid and high recruit-
ment after various stressful events, and difficulty in separat-
ing small R. cuneata from small dwarf surf clams, Mulinia 
lateralis. Number (N) of individuals sampled by the dredge 
was converted to N/m2. Rangia cuneata dry weight biomass 
was determined by drying soft tissue at 60°C for 48 hours 
(Edmondson 1971). Soft tissue dry weight was regressed 
against shell length to obtain the predictive equation used 
in this study (Spalding et al. 2007). Ischadium recurvum, 
whose population exploded during the drought, was also 
counted and placed in 5 mm size classes. 
In the analysis of samples, possible effects of the La Niña 
drought during 1998—spring 2005, and hurricanes during 
2004—2014 were treated separately because only samples 
from the E—W and N—S transects with 7 sites and 3 
replicates per site (Figure 2) were taken during the drought 
study period. April 2005 was used in the drought analysis 
instead of fall 2005 samples, because fall samples were 
severely affected by Hurricane Katrina. Samples from all 
of Lake Pontchartrain during the period of high hurricane 
frequency were from 30 sites (Figure 2) with 3 replicates 
per site. Lake Pontchartrain fall 1997 data were obtained 
during a strong El Niño year, which was not affected by 
droughts or damaging hurricanes; these data were used in 
the hurricane effects analysis as a baseline year to determine 
recovery. 
During the drought study, 7 sites on the E—W and N—S 
transects were sometimes sampled several times. Only 2 
northern sites on the N—S transect (Figure 2, NS 1 and 
2) were used because others were affected by saltwater 
intrusion and hypoxia from a navigation canal. Year and 
month sampled and total number of samples (N) are as 
follows: 1998 November (21); 1999 April, August, and 
October (63); 2000 January, May, and July (63); 2001 
April (21); 2002 August (21); 2003 November (21); 2004 
April, October, and November (62); and 2005 April (21). 
We combined monthly within—year data because an early 
analysis using uncombined monthly data excluding < 5 mm 
clams indicated no significant differences from monthly 
within—year data, and past analyses using separate monthly 
samples gave similar results (Poirrier et al. 2013). This 
was due to spawning in the sub—tropical waters of Lake 
Pontchartrain being almost continuous and dependent upon 
random salinity shifts rather than seasonal changes. The 
only seasonal sample that could have affected recruitment 
was January 2000, which was included in the year before 
the 2001 crash. Also, the crash was so severe that decline 
and recovery of size classes was easy to detect. 
In the hurricane study, sites from the all of Lake Pon-
tchartrain were sampled, and all were obtained during the 
fall (October and November) with a total of 90 per year (Fig-
ure 2). Figure 1 presents time sequences for the drought, 
hurricane events, and other disturbances.
Statistical Analyses
One—way analysis of variance (ANOVA) was used to test 
for differences among annual clam densities. Clam densities 
were log
10
 transformed to produce a data distribution 
acceptable for parametric analyses. Although most data 
exhibited mild departures from normality, this was 
considered acceptable because the ANOVA is considered 
robust with regard to minor departures from normality 
(Gotelli and Ellison 2004, Neter et al. 1990). Post—hoc Tukey 
pairwise comparisons were used to test for differences 
among means. Analyses were performed with SPSS (IBM 
SPSS Statistics for Windows, Version 21.0. Armonk, NY) 
using a 0.05 significance level. 
For the drought analysis, ANOVA was used to deter-
mine significant annual changes in R. cuneata density, size 
classes and biomass, coupled with significant differences in 
salinity, and I. recurvum density. For the hurricane distur-
bance effects (the combination of clam burial, abrupt salin-
ity change with anoxia and hypoxia) and recovery analysis, 
ANOVA was used to determine annual changes in R. cune-
ata density, biomass, and salinity. An ANOVA was also run 
on clams > 20 mm with data from 1954, 1997, 2004, 2005, 
2006, 2008, 2012, 2013, and 2014 to see if recovery had oc-
curred based on the earliest 1954 > 20 mm clam densities. 
A one—way between—groups multivariate analysis of vari-
ance (MANOVA) was performed to investigate differences 
in R. cuneata size classes during the drought period. Neces-
sary Bonferroni alpha level adjustments were made in the 
MANOVA. Dependent variables were the clam densities 
of 5 mm size classes (6—10, 11—15, 16—20, 21—25, 26—30, 
31—35, and 36—40). The independent variable was year. 
results
La Niña Drought
There were significant differences in clam densities (all 
Figure 2. Rangia cuneata sampling sites in Lake Pontchartrain, indicating 
sites on the E—W and N—S transects and other Lake Pontchartrain sites (solid 
circles ●). IHNC = Inner Harbor Navigational Canal, MRGO = Mississippi 
River Gulf Outlet, and GIWW = Gulf Intracoastal Waterway. 
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clams 6—55 mm) among years (1998—2005; F(7,265) = 16.98; p 
< 0.001) (Figure 3). The Tukey comparisons, with p < 0.001 
for all results, indicated a significant decline in total clam 
density in 2001 and 2002, and density returned to 1998—
2000 levels in 2003—2005 
(Figure 3). Between July 2000 
and April 2001, density was 
reduced to only 10 clams/m2, 
a 96% reduction. MANOVA 
found a statistically signifi-
cant difference in density 
among years on the combined 
size classes (F(49,1319) = 8.69; p 
< 0.001) (Figure 4). When the 
results of the dependent vari-
ables were considered sepa-
rately, using a Bonferroni ad-
justed alpha level of 0.01, only 
the 36—40 mm size class did 
not show significant annual 
differences because of their 
low density. 
Changes in density occurred in all size classes (Figure 4). 
When annual densities within individual size classes were 
compared, smaller clams (6—20 mm) were not very dense 
prior to the 2001 population crash, when large clams were 
dense (Figure 4). However, they rapidly increased in 2003 
and then declined as larger size classes became established. 
In contrast, larger clams (21—35 mm) were more dense prior 
to the crash and, depending on size, slowly recovered. By 
2005 there was a general trend toward return to pre—crash 
density levels for the 21—25 mm clams, but not the largest 
clam class (26—35 mm; Figure 4).
The ANOVA analysis of total biomass of 6—55 mm clams 
from 1998—2005 found significant differences among years 
(F(7,265) = 19.9; p < 0.001) (Figure 5). The Tukey compari-
sons support a significant decrease in biomass from 2000 to 
2001 (95%), and an increase in 2003—2005, but no recovery 
to 1998—2000 levels. Density and biomass results differed 
across years because the few but large clams that occurred 
from 1998 through 2000 had a high total biomass, whereas 
the few clams of any size had relatively low biomass during 
2001 and 2002; in 2003 dense small clams with low bio-
mass became established while in 2004 and 2005 there was 
Figure 3. Annual mean (± se) Rangia cuneata clam densities (6—55 mm/
m2) before (1998), during (1999, 2000 and early 2001), and after (late 
2001—2005) the La Niña drought years. Dots on the black line indicate 
annual mean bottom salinity from samples at the time of collection. Groups 
with the same letters indicate no significant difference (Tukey post—hoc test, 
p < 0.05).
Figure 4. Plots of annual mean (± 
se) Rangia cuneata densities (N/m2) 
in size classes: 6—10, 11—15, 16—
20, 21—25, 26—30 and 31—35 mm, 
set against years before (1998), dur-
ing (1999, 2000 and early 2001), 
and after (late 2001—2005) the La 
Niña drought. Dots on the black line 
indicate annual mean bottom salinity 
from samples at the time of collection. 
Groups with the same letters indicate 
no significant difference (Tukey post—
hoc test, p < 0.05).
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a shift to fewer larger clams with higher biomass (Figure 5). 
A MANOVA analysis of annual changes among 5 mm size 
classes found significant results (F(49, 1319) = 6.73; p < 0.001) 
and the Tukey comparisons agreed with groupings found in 
the size class density analysis. 
The R. cuneata decline occurred within a 10 month period 
between July 2000 and April 2001 after the drought—driven 
peak in salinity values (Figures 3 and 5). Salinity increased 
prior to the decline, but the decline occurred after the 
drought when the salinity decreased. This indicates that 
salinity was not the direct cause of the density crash. Salinity 
increased to 8.8 in 2000 and decreased to 6.0 in April 2001, 
and was further reduced to 4.6 by Tropical Storm Allison 
in June 2001. Based on an ANOVA, the 2000 increase in 
salinity was significantly different (F(7,265) = 70.1; p < 0.001) 
compared to other years from 1998 through 2005. 
ANOVA and Tukey comparisons found significant chang-
es in I. recurvum density from 1998—2005 (Figure 6). Rangia 
cuneata decreased in 2001 after the 1999 and 2000 I. recur-
vum increase. Prior to 1999, few (< 20/m2) small (< 5 mm) I. 
recurvum occurred mainly at site E—W 5 at higher salinities 
in the eastern end of Lake Pontchartrain (Figure 2). As salin-
ity increased at all sites from 1999 through 2000, I. recurvum 
colonized all E—W sites (Figure 2) and mussels up to 35 mm 
became abundant (Figure 6). This rapid increase in larger 
mussels on live R. cuneata shells often formed small spherical 
reefs about 30 cm in diameter. Other filter feeders including 
the barnacles, Balanus improvisus, and B. eburneus, Conrad’s 
false mussel, Mytilopsis leucophaeta, and the bryozoan, Conopi-
um sp., became abundant on I. recurvum in these reefs. These 
specialized filter feeders, in addition to I. recurvum, probably 
removed a broad range of particles that were normally avail-
able to R. cuneata. After 2002, I. recurvum abruptly decreased 
and R. cuneata increased (Figure 6). 
Hurricane Effects
The ANOVA analysis comparing annual mean densities 
of 6—50 mm clams for years 1997, 2004, 2005, 2006, 2008, 
2012, 2013, and 2014 found significant (F(7,712) = 50.56; p < 
0.001) differences among years (Figure 7). Tukey compari-
sons (Figure 7) revealed that hurricane years 2005 (Katrina 
and Rita), 2008 (Ike and Gustav), and 2012 (Isaac) differed 
from all other years (p < 0.001). 
A MANOVA of annual differences among 15 mm size 
Figure 5. Annual mean (± se) dry weight biomass 
(g/m2) of Rangia cuneata before (1998), during 
(1999, 2000 and early 2001), and after (late 
2001—2005) the La Niña drought years. Dots on 
the black line indicate annual mean bottom salinity 
from samples at the time of collection. Groups with 
the same letters indicate no significant difference 
(Tukey post—hoc test, p < 0.05).
Figure 6. Annual Rangia cuneata and Ischadi-
um recurvum mean (± se) densities of Ischadium 
recurvum before (1998), during (1999, 2000, 
and early 2001), and after (late 2001—2005) 
the La Niña drought years. Dots on the black 
line indicate annual mean bottom salinity from 
samples at the time of collection. Groups with the 
same letters indicate no significant difference in 
Ischadium recurvum densities (Tukey post—hoc 
test, p < 0.05).
14
Poirrier and Caputo
classes found significant differences (F(21, 2246) = 29.54; p < 
0.001). Tukey comparisons among years for 6—20 mm clams 
clearly separated the hurricane years from all others and sep-
arated 2013 from all years. There were abrupt decreases of 
6—20 mm clams in hurricane years and rapid increases when 
followed by years without hurricanes or salinity stress, such 
as 2013. 2014 was different from all other years in the 21—35 
mm comparison with poor separation of other years. In the 
36—50 mm comparison, years 2005 through 2014 grouped 
together, but 2005 and 2014 also grouped with 1997 and 
2004 (Figure 7). 
Biomass results differed from density results due to bio-
mass increasing exponentially with clam size. The ANOVA 
of annual mean biomass of 6—50 mm clams for years 1997, 
2004, 2005, 2006, 2008, 2012, 2013, and 2014 found signifi-
cant differences (F(7,712) = 9.43; p < 0.001) (Figure 8). Tukey 
comparisons showed 2004, 2005, 2006, 2008 and 2012 were 
grouped into a common subset (Figure 8). This group con-
tains three hurricane years, 2005, 2008 and 2012, but also 
contains 2004, a year that was still recovering from the La 
Niña drought, and 2006, a year after the acute disturbanc-
es caused by Katrina and Rita in 2005. Within this group, 
2004, 2006 and 2012 also group with 2013 and 2014, two 
years with relatively low salinity and without severe damag-
ing hurricanes. However, 2013 and 2014 also grouped with 
1997, indicating overall biomass recovery to 1997 levels in 
2013 and 2014. Tukey comparisons of the three 15 mm size 
classes based on biomass did not give distinct groups except 
for 2013 differing from all other years for the 6—20 mm 
clams, and 1997 differing from all other years for 21—35 mm 
clams. The 36—50 mm comparisons did not give clear sepa-
rations of groups among years. However, groups supported 
differences between 2012 through 2014 compared to 2004, 
2005 and 2006, which supports the increase in biomass due 
to the increase in large clams during and after 2012. 
Large Clam (> 20 mm) changes over time
An ANOVA of samples of large clams (> 20 mm) from 
years with a minimum of 30 sites from 1954 data (the earli-
est baseline data from Suttkus et al. (1954)) through 2014 
showed significant differences among years (F(8,744) = 15.72; 
p < 0.001). The Tukey comparisons grouped 2004 and 2014 
with 1954 indicating recovery to 1954 levels, but not 1997 
levels, based on > 20 mm clams.
dIscussIon
General Overview
Study results using more sites and size classes than Poir-
rier et al. (2013) appear to confirm that the La Niña drought: 
(1) contributed to the abrupt 2001 population crash of R. 
cuneata, (2) appeared to affect all size classes and biomass, 
(3) resulted in a shift to a higher salinity community that 
caused I. recurvum overgrowth, and (4) decreased large clam 
density and biomass which did not completely recover prior 
to Hurricane Katrina. Links between the 1997—2001 ENSO 
shift and low precipitation with increased salinity were not 
included in this study because they were established in ear-
lier studies of submersed aquatic vegetation in Lake Pon-
tchartrain (Cho and Poirrier 2005). Based on comparisons 
of hurricane and non—hurricane years, we found that hurri-
canes Katrina, Ike, Gustav and Isaac reduced clam densities 
and total biomass, and recovery occurred by 2014, during 
relatively low salinities and after 2 years without hurricanes.
La Niña Drought
Rangia cuneata is an estuarine endemic (Carriker 1967). 
Although adults are physiologically capable of tolerating lim-
netic to polyhaline waters, it is more abundant in the oligo-
haline zone where it is protected from predation and com-
petition due to low species richness (Remane and Schlieper 
1971). In nature, R. cuneata occurs at salinities up to 18 (La-
Salle and de la Cruz 1985) and it is known to survive at 
FIGURE 7. Annual mean density of 6—50 mm 
Rangia cuneata clams/m2 from fall samples of 30 
representative sites throughout Lake Pontchartrain 
during 1997, 2004, 2005 (Katrina), 2006, 2008 
(Ike & Gustav), 2012 (Isaac), 2013 and 2014. 
Representation of 15 mm size classes in stacked 
columns is presented with standard errors for total 
density. Dots on the black line indicate annual mean 
bottom salinity from samples at the time of collection. 
Groups with the same letters indicate no significant 
difference (Tukey post—hoc test, p < 0.05).
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a salinity of 32 in the laboratory (Bedford and Anderson 
1972). An important aspect of the drought was a change 
in the salinity regime that resulted in persistent, relatively 
high salinity throughout the estuary with no episodes of low 
salinity from runoff (Poirrier et al. 2009). Periodic low sa-
linity, characteristic of poikilohaline estuaries, keep higher 
salinity species, including competitors and predators, from 
becoming established (Boesch 1977). During the drought, 
stable salinity allowed the establishment of higher salinity 
communities, which potentially increased biotic stress on 
the R. cuneata population due to increased competition and 
predation. We obtained reasonable results in the drought 
analysis, despite the time of sampling varying among years, 
because R. cuneata spawning is almost continuous in Lake 
Pontchartrain and stimulated by salinity shifts rather than 
seasonal changes. The lack of salinity shifts required for R. 
cuneata spawning and recruitment (Cain 1975) during the 
drought may have directly contributed to the decline, but 
was probably not the primary cause because density levels of 
6—10 and 11—15 mm clams remained the same from 1998 
through 2002. 
The I. recurvum increase characterized the community 
shift and also appeared to be another important causal 
factor for the R. cuneata decline. Ischadium recurvum is more 
characteristic of a euryhaline marine species, does not 
survive episodes of fresh water, and is more abundant in the 
mesohaline zone. It can be invasive and rapidly colonizes 
the Eastern oyster, Crassostrea virginica, and the fouling 
that results interferes with commercial oyster production 
(Coleman 2003). Although some oysters colonized artificial 
fishing reefs in the southwestern part of Lake Pontchartrain, 
we did not find any oyster spat on R. cuneata. However, 
without the I. recurvum invasions, we speculate that oyster 
colonization on R. cuneata may have occurred.
Rangia cuneata densities did not change from 1998 
through 2000. Although clams were subjected to increasing 
stress from competition in 1999 and 2000, the crash did not 
occur until 2001. It occurred under conditions of decreased 
salinity, but while a higher salinity community was still 
present. This time lag supports I. recurvum overgrowth 
rather than the singular effect of salinity as the cause of the 
crash. A similar explosion in I. recurvum abundance occurred 
on the New Orleans seawall during the same time period 
(Poirrier, unpublished data). Ischadium recurvum was absent 
in 1998, dominated the epifaunal community, reached a 
maximum size of 60 mm in 2001, and was absent in 2003. 
Lasting effects of low recruitment of R. cuneata during the 
drought and subsequent low—levels of reproduction and 
future recruitment appeared to interact synergistically with 
I. recurvum overgrowth in causing the decline.
Increased competition and predation from numerous 
specialized species in the higher salinity communities could 
have also negatively affected most aspects of R. cuneata’s 
life cycle (e.g., larval predation by jellyfish, competition 
from other specialized filter feeders). However, increased 
predation on R. cuneata clams by bivalve fish predators does 
not appear to be the major cause of the decline because the I. 
recurvum population, which should have also been subjected 
to predation, exploded while the R. cuneata population 
crashed.
ENSO shifts to La Niña that occurred at other times 
(1973—1976; 1988—1989) may have affected clam abun-
dance. However, no La Niña events occurred during peri-
ods of low R. cuneata densities attributed to shell dredging 
(Tarver and Dugas 1973, Sikora and Sikora 1982, Poirrier et 
al. 1984), suggesting that these low density periods should 
Figure 8. Annual mean dry weight 
biomass (g/m2) of Rangia cuneata clams 
from fall samples of 30 representative 
sites throughout Lake Pontchartrain during 
1997, 2004, 2005 (Katrina), 2006, 
2008 (Ike & Gustav), 2012 (Isaac), 2013 
and 2014. Representation of 15 mm size 
classes in stacked columns is presented 
with standard errors for total biomass. 
Dots on the black line indicate annual 
mean bottom salinity from samples at the 
time of collection. Groups with the same 
letters indicate no significant difference 
(Tukey post—hoc test, p < 0.05).
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not be attributed to ENSO shifts.
Hurricane Effects and Recovery
The lack of complete recovery of large size class clams 
and overall biomass after the drought appears to have 
contributed to the later damage to R. cuneata populations 
caused by hurricanes. The decrease in clam density during 
the hurricane years, 2005, 2008 and 2012 indicated distinct 
hurricane effects. These effects are supported by previous 
studies of benthic invertebrate impacts from Katrina and 
Rita (Poirrier et al. 2008, Engle et al. 2009) and Ike and 
Gustav (Ray 2009). We found that density changes in 6—20 
mm clams accounted for most of the differences. There 
were significant decreases of R. cuneata in hurricane years 
and significant increases in years without hurricanes. The 
density reduction in hurricane years was probably due to 
small clams being more sensitive to direct physical hurri-
cane damage, while their rapid recovery is due to recruit-
ment and growth to 20 mm within a year. Possible effects of 
Hurricanes Isidore and Lili were not detected because they 
occurred in 2002 when R. cuneata populations were already 
very low due to the drought.
Annual biomass changes agreed with the density changes 
when the exponential relationship between biomass and size 
was considered. Many small clams made minor contributions 
to total biomass; whereas, fewer large clams made major 
contributions. There was a time lag in the recovery of large 
clams. Clams from 6 to 20 mm recovered within a year, but 
recovery of large clams took several years. This resulted in 
biomass recovery being a slow process compared to density 
recovery. Our 1997 baseline year had a high proportion 
of 21—35 mm clams when compared to later years. Large 
clams were almost eliminated during the 2001 crash from 
the drought and were slow to recover, presumably due to 
hurricanes in 2005 and 2008. This contributed to the low 
biomass prior to 2012. The steady increase in biomass from 
2012 to 2014, despite the effects of Isaac, may have been 
due to large clams being more resistant to hurricanes, Isaac 
having less of an impact than earlier storms, and the closure 
of the MRGO in 2009 which reduced storm surges and 
stopped episodes of detrimental dissolved oxygen. Prior 
to the MRGO closure, these episodes were frequent in the 
area north of the Inner Harbor Navigational Canal (IHNC), 
but also spread to other areas of Lake Pontchartrain during 
late summer (Poirrier 1978, 2013). Biomass reached 1997 
baseline recovery levels by 2014, following 2 years without 
salinity or hurricane stress. Recovery based on density 
occurred in 2013 and 2014, but densities statistically equal 
to 1997 also occurred in 2004 and 2006. Because of the 
rapid change in small clams less than a year old, biomass is 
a better indicator of recovery in a given year. However, loss 
of the 6—20 mm size class results in the lack of production 
of larger size classes in subsequent years.
Hurricane effects differ based on their track and the 
landfall coastal morphology (Chen et al. 2008). Lake 
Pontchartrain has a higher risk of surges due to the 
extension of the Mississippi River delta into the Gulf which 
can intensify surges that form and enter from the east. A 
severe disturbance should be expected when a 3.7—4.9 m 
storm surge, such as the one that occurred during Katrina, 
enters a soft—bottomed estuary with a mean depth of 3.7 
m. Damage and burial from storm surges were important 
factors in R. cuneata clam decline. Poirrier et al. (2008) found 
recently dead and dying R. cuneata after Katrina. After 
Isaac, articulated shells with non—weathered periostraca 
from dead R. cuneata clams were common in sediment 
samples (Poirrier et al. 2013). Shells did not show any signs 
of damage from predation and were apparently produced by 
clams dying in the sediment. Flocks et al. (2009) found that 
the top 1 m of sediments are constantly being reworked by 
major storms and circulation gyres. Because of slow flushing 
rates, sediments suspended by storms are not transported 
out of Lake Pontchartrain, but rapidly settle to the bottom 
across broad areas (Flowers and Isphording 1990).
O’Connell et al. (2013) found minor compositional 
changes in post—Hurricane Katrina and Rita fish assemblag-
es. Individually, there were increases in Ariopsis felis (Hard-
head Catfish) and declines in Gobiosoma bosc (Naked Goby), 
Syngnathus scovelli (Gulf Pipefish), Membras martinica (Rough 
Silverside), Micropogonias undulates (Atlantic Croaker), 
Scomberomorus maculatus (Spanish Mackerel), and Cynoscion 
arenarius (Sand Seatrout), even though some of these species 
were not major components of assemblages. Although clam 
loss may appear to have a negative effect on consumers, 
physical damage from hurricanes and hypoxia may make 
large clams more susceptible to crab and fish predators after 
storm events. Also, loss of large clams is typically followed 
by rapid recruitment of small clams which are more easily 
consumed by shrimp, ducks, crabs and fishes, potentially 
increasing secondary productivity. However, reduction in 
clam biomass due to the loss of large clams may result in 
loss of filtration and other environmental services, likely 
contributing to poorer water quality in nearshore habitats 
where adults of G. bosc, S. scovelli, and M. martinica reside. 
Additionally, higher turbidity can result in loss of SAV and 
the services it provides (e.g., protection from predation for 
S. scovelli, egg habitat for M. martinica; Spalding et al. 2007, 
O’Connell et al. 2013).
Little information is available about bottom water qual-
ity in Lake Pontchartrain during and immediately after hur-
ricanes. However, harmful dissolved oxygen concentrations 
have been reported in most other hurricane impact studies 
(Hagy et al. 2006, Tomasko et al. 2006, O’Connell et al. 
2013). Salinity can increase or decrease depending on the 
track of the storm and associated wind and rainfall (Chen 
et al. 2008). Salinity increases from storm surges were found 
after most hurricanes we studied, but Tropical Storm Al-
17
Rangia clam decline in Lake Pontchartrain
lison decreased salinity in 2001. We used mean bottom 
salinity taken at the time of clam collection in this study 
because it was often higher than surface values. Increased 
salinity did not result in as much R. cuneata loss as it did 
during the La Niña drought, because after hurricanes, sa-
linity increases and introduction of higher salinity species 
were temporary, compared to the multiple year effects of the 
prolonged drought, which produced a community shift that 
increased competition and resulted in R. cuneata decline. 
However, storm surges did increase bottom salinity which 
caused stratification in the water column and harmful hy-
poxic bottom waters. Poirrier et al. (2008) reported salinity 
stratification and low bottom dissolved oxygen after Hur-
ricane Katrina. Poirrier et al. (2013) found salinity strati-
fication and hypoxia at three sites south of Mandeville on 
8 September 2012, 11 days after Hurricane Isaac’s landfall.
Lack of complete recovery from the La Niña drought, 
Bonnet Carré Spillway openings, and saltwater intrusion 
from the MRGO also appears to have exacerbated 
hurricane effects. The spring 2008 Bonnet Carré Spillway 
opening, which filled Lake Pontchartrain with nutrient rich 
Mississippi River water, eliminated higher salinity species 
and introduced nutrients, which caused eutrophication in 
Mississippi and Chandeleur Sounds in the lower Basin. 
Storm surges from Ike and Gustav introduced higher 
salinity water that had become hypoxic from the Bonnet 
Carré Spillway opening, which affected the remaining 
lower salinity species. This synergistic effect likely produced 
stress which was greater than what would have been caused 
by either disturbance alone. Storm surges from Katrina, 
Rita, Ike and Gustav were severe because they also entered 
through the MRGO and the IHNC. Effects of Isaac were 
not as severe as these 2005 and 2008 storms because it was 
less intense and occurred after the closure of the MRGO 
(Shaffer et al. 2009, Poirrier 2013). 
An obvious question is, have storm effects on R. cuneata 
clams recently increased? In 1998, Tropical Storms Frances 
and Hermine, and Hurricanes Earl and Georges affected 
southeastern Louisiana. No significant effects on clams 
from Georges were detected in 1998 and 1999 surveys. 
However, Hurricane Georges caused a 40% loss of land area 
in the Chandeleur Islands (Penland et al. 2001). We propose 
that coastal erosion caused by Hurricane Georges and other 
1998 storms, adverse effects of the drought on wetlands 
(Visser et al. 2002), and increased sea level set the stage for 
increased effects of later storm surges on Lake Pontchartrain 
R. cuneata clams. From 1961—2000, the number and 
intensity of U.S. hurricanes decreased. After 2000, there 
was a period of increased hurricane frequency (Fearnley et 
al. 2009). Relative sea level rise in Louisiana is occurring 10 
times faster than the global average and more than 5 times 
faster than the Gulf of Mexico average (Penland and Ramsey 
1990). Rates are high near the mouth of Lake Pontchartrain 
which is located in an abandoned, deteriorating Mississippi 
River Delta. Two sites in eastern Lake Pontchartrain have 
experienced relative sea level rise rates of 1 cm/yr (South 
Point 1949—1986; Little Woods 1931—1977; Penland and 
Ramsey 1990). This rate is comparable to that in Grand 
Isle, LA which has increased 0.93 cm/year (Burkett 2008). 
These factors should increase in the future as global climate 
changes. 
  At some point in time a tipping point for the loss of 
R. cuneata clams should occur due to increasing sea level 
(Burkett 2008), barrier island loss (Penland et al. 2001), 
wetland loss (463 km2, 1932—2010; Couvillion et al. 2011), 
and possible enlargement of tidal passes (Li et al. 2009). 
We are currently, or will soon be, at this tipping point. 
We found clam recovery by 2014, but in the near future 
hurricanes may produce an irreversible decline due to direct 
surge damage, burial in sediment, anoxia and hypoxia from 
salinity stratification produced by the surge, and community 
changes from a long—term shift to higher salinity conditions.
 
conclusIons
Abrupt population changes in R. cuneata related to cli-
mate change occurred in Lake Pontchartrain, Louisiana. 
A 96% decrease occurred in 2001 after a drought from an 
ENSO shift (1998—2000). This decrease was caused by a 
salinity increase during the drought. More importantly, 
however, long periods without salinity decreases appeared 
to result in the establishment of higher salinity communi-
ties which, through competition, may have resulted in the 
R. cuneata decline. Ischadium recurvum colonized live R. cu-
neata and its overgrowth may have further influenced the 
R. cuneata decline. Rapid recovery following the drought did 
not occur due to a period of high hurricane frequency and 
intensity. After years of monitoring, we found density and 
biomass recovery in 2014. Recovery indicated that clam loss 
was not permanent, but caused by a series of climatic distur-
bances. Hurricane surges resuspended sediments which bur-
ied clams and abruptly increased salinity and lowered dis-
solved oxygen. Salinity stratification persisted after storms 
and caused hypoxia in bottom waters. Storm surge interac-
tions with ENSO shifts, periodic operation of the Bonnet 
Carré Spillway, and the MRGO also intensified hurricane 
effects. Results of this study could be used to better under-
stand the potential effects of global climate changes in the 
oligohaline zone of other Gulf of Mexico estuaries.
18
Poirrier and Caputo
lIterAture cIted
AcKnowledgMents
We thank B. Spalding, A. Ferguson, R. Caillouet, C. Dunn and S. Abadie for their help with earlier 
studies and J. Cho, M. and M. O’Connell, M. Kulp, T. Soniat for their reviews of earlier drafts of this 
manuscript. This project was supported by NOAA, Pontchartrain Restoration Program, the Lake Pon-
tchartrain Basin Foundation and the Louisiana Department of Wildlife and Fisheries.
Abadie, S.W. and M.A. Poirrier. 2000. Increased density of large 
Rangia clams in Lake Pontchartrain after the cessation of 
shell dredging. Journal of Shellfish Research 19:481—485.
Bedford, W.B. and J.W. Anderson. 1972. The physiological re-
sponse of the estuarine clam Rangia cuneata (Grey) to salinity. 
I. Osmoregulation. Physiological Zoology 45:255—260.
Boesch, D. 1977. A new look at the zonation of benthos along 
the estuarine gradient. In: B.C. Coull, ed. Ecology of Marine 
Benthos, University of South Carolina Press, Columbia, SC, 
USA, p. 245—266.
Brammer, A.J., Z.R. del Rey, E.A. Spalding, and M.A. Poirrier. 
2007. Effects of the 1997 Bonnet Carré Spillway opening 
on infaunal macroinvertebrates in Lake Pontchartrain, 
Louisiana. Journal of Coastal Research 23:1292—1303. DOI: 
10.2112/05—0571.1
Burkett, V. 2008. The northern Gulf of Mexico coast: Human 
development patterns, declining ecosystems, and escalating 
vulnerability to storms and sea level rise. In: M.C. 
MacCracken, F. Moore, and J.C. Topping Jr., eds. Sudden and 
Disruptive Climate Change: Exploring the Real Risks and 
How we can Avoid Them. Earthscan Publications, Sterling, 
VA, USA, p. 101—118.
Cain, T.D. 1975. Reproduction and recruitment of brackish water 
clam Rangia cuneata in James River, Virginia. Fishery Bulletin 
73:412—430.
Carriker, M.R. 1967. Ecology of estuarine benthic invertebrates: 
A perspective. In: G.H. Lauff, ed. Estuaries. American 
Association for the Advancement of Science, Washington, 
D.C., USA, p. 442—487.
Chen, Q., L. Wang, and R. Tawes. 2008. Hydrodynamic response 
of northeastern Gulf of Mexico to hurricanes. Estuaries and 
Coasts 31:1098—1116. DOI: 10.1007/s12237—008—9089—9.
Cho, H.J. and M.A. Poirrier. 2005. Response of submersed 
aquatic vegetation (SAV) to the 1997—2001 El Niño Southern 
Oscillation shifts in Lake Pontchartrain, Louisiana. Estuaries 
28:215—225. DOI: 10.1007/BF02732856
Coleman, E., 2003. The Gulf Oyster Industry: Seizing a better 
future. Gulf Oyster Industry Program. National Seagrant 
College Program, Baton Rouge, LA, USA, p. 1—14.
Couvillion, B.R., J.A. Barras, G.D. Steyer, W. Sleavin, M. Fischer, 
H. Beck, N. Trahan, B. Griffin, and D. Heckman. 2011. Land 
area change in coastal Louisiana from 1932 to 2010: U.S. 
Geological Survey Scientific Investigations Map 3164, scale 
1:265,000, Reston, VA, USA, 12 p. pamphlet.
Edmondson, W.T. 1971. Methods for processing samples 
and developing data. In: W.T. Edmondson and G.G. 
Winberg, eds. A Manual on Methods for the Assessment 
of Secondary Productivity in Fresh Waters. International 
Biological Programme Handbook No. 17. Blackwell Scientific 
Publications, Oxford, England, p. 127—169.
Engle, V.D., J.L. Hyland, and C. Cooksey. 2009. Effects of 
Hurricane Katrina on benthic macroinvertebrate communities 
along the northern Gulf of Mexico coast. Environmental 
Monitoring and Assessment 150:193—209. DOI: 10.1007/
s10661—008—0677—8
Fairbanks, L. 1963. Biodemographic studies of the clam Rangia 
cuneata Gray. Tulane Studies in Zoology 10:3—47.
Fearnley, S.M., M.D. Miner, M. Kulp, C. Bohling, and P.S. 
Penland. 2009. Hurricane impact and recovery shoreline 
change analysis of the Chandeleur Islands, Louisiana, 
USA: 1855—2005. Geo—Marine Letters 29:455—466. DOI: 
10.1007/s00367—009—0155—5
Flocks, J., J. Kindinger, M. Marot, and C. Charles. 2009. Sediment 
characterization and dynamics in Lake Pontchartrain, 
Louisiana. Journal of Coastal Research SI 54:113—126. DOI: 
10.2112—SI54—011.1
Flowers, G.C. and W.C. Isphording. 1990. Environmental 
sedimentology of the Pontchartrain Estuary. Transactions 
Gulf Coast Association Geological Society 40:237—250.
Francis, J.C., M.A. Poirrier, D.E. Barbe, V. Wijesundera, and M.M. 
Mulino. 1994. Historic trends in secchi disk transparency of 
Lake Pontchartrain. Gulf Research Reports 9:1—16. DOI: 
10.18785/grr.0901.01
Gotelli, N.J. and A.M. Ellison. 2004. A Primer of Ecological 
Statistics. Sinauer Associates, Inc., Sunderland, MA, USA, 
510 p.
Hagy, J.D., J.C. Lehrter, and M.C. Murrell. 2006. Effects of 
Hurricane Ivan on water quality in Pensacola Bay, Florida. 
Estuaries and Coasts 29:919—925. DOI: 10.1007/BF02798651
Houck, O.A., F. Wagner, and J.B. Elstrott. 1989. To restore 
Lake Pontchartrain: A report to the Greater New Orleans 
Expressway Commission on the sources, remedies, and 
economic impacts of pollution in the Lake Pontchartrain 
Basin. Metairie, LA, USA. 270 p.
LaSalle, M.W. and A.A. de la Cruz. 1985. Species profiles: life 
histories and environmental requirements of coastal fisheries 
and invertebrates (Gulf of Mexico) – common Rangia. U.S. 
Fish and Wildlife Service Biological Report 82(11.31). U.S. 
19
Rangia clam decline in Lake Pontchartrain
Army Corps of Engineers, Vicksburg, MS, USA, TR EL—82—
4, 16 p.
Li, C., E. Weeks, and J.L. Rego. 2009. In situ measurements 
of saltwater flux through tidal passes of Lake Pontchar-
train estuary by Hurricanes Gustav and Ike in Septem-
ber 2008. Geophysical Research Letters 36:L19609. DOI: 
10.1029/2009GL039802
Neter, J., W. Waserman, and M.H. Kutner. 1990. Applied linear 
statistical models. Irwin/Mc—Graw—Hill, Homewood, IL, 
USA, 1184 p.
O’Connell, M.T., A.M. O’Connell, and C.S. Schieble. 2013. 
Response of Lake Pontchartrain fish assemblages to 
Hurricanes Katrina and Rita. Estuaries and Coasts 37:461—
475. DOI: 10.1007/s12237—013—9675—3
Penland, S. and K.E. Ramsey. 1990. Relative sea—level rise in 
Louisiana and the Gulf of Mexico: 1908—1988. Journal of 
Coastal Research 6:323—342.
Penland, P.S., P. McCarty, A. Beall, and D. Maygarden. 2001. 
Regional description of the Lake Pontchartrain Basin. In: P.S. 
Penland, A. Beall, and J. Waters, eds. Environmental Atlas 
of the Lake Pontchartrain Basin, Lake Pontchartrain Basin 
Foundation, New Orleans, LA, USA, p. 3—6.
Poirrier, M.A. 1978. Studies of salinity stratification in southern 
Lake Pontchartrain near the Inner Harbor Navigational 
Canal. The Proceedings of Louisiana Academy of Sciences 
41:26—35.
Poirrier, M.A. 2013. Effects of closure of the Mississippi River 
Gulf Outlet on saltwater intrusion and bottom water hypoxia 
in Lake Pontchartrain. Gulf and Caribbean Research 25:105—
109. DOI: 10.18785/gcr.2501.07
Poirrier, M.A., T.M. Soniat, Y. King, and L. Smith. 1984. An 
evaluation of the southern Lake Pontchartrain benthos 
community. 64003—84—05. Final Report. Louisiana 
Department of Environmental Quality Office of Water 
Resources Water Pollution Control Division, New Orleans, 
LA, USA. p 1—79.
Poirrier, M.A., Z.R. del Rey, and E.A. Spalding. 2008. Acute 
disturbance of Lake Pontchartrain benthic communities 
by Hurricane Katrina. Estuaries and Coasts 31:1221—1228. 
DOI: 10.1007/s12237—008—9103—2
Poirrier, M.A., E.A. Spalding, and C.D. Franze. 2009. Lessons 
learned from a decade of assessment and restoration studies 
of benthic invertebrates and submersed aquatic vegetation in 
Lake Pontchartrain. Journal of Coastal Research SI 54:88—
100. DOI: 10.2112/SI54—005.1 
Poirrier, M.A., C.N. Dunn, C.E. Caputo, G.C. Flowers, and 
J.M. Adams. 2013. The role of ENSO Climate Shifts and the 
increase in the frequency and intensity of storm surges in the 
decline of large Rangia cuneata clams in Lake Pontchartrain. 
Basics of the Basin 2013:177—81. www.saveourlake.org/
PDF—documents/BOB/BasicsoftheBasinProceedings2013.
pdf. (viewed on 02/04/2015).
Ray, G.L. 2009. Response of benthic invertebrate communities 
following the 2008 Bonnet Carré Spillway release. A Report 
to the U.S. Army Engineer District, New Orleans. U.S. Army 
Engineer Research and Development Center, Vicksburg, MS, 
USA, 150 p.
Remane, A. and C. Schlieper. 1971. Biology of Brackish Water. 
Wiley Interscience Division: John Wiley & Sons, Inc., New 
York, NY, USA. 372 p.
Roth, D. 2010. Louisiana Hurricane History. National Weather 
Service, Camp Springs, MD, USA, 70 p. 
Saucier, R.T. 1963. Recent geomorphic history of the Pontchartrain 
Basin. Louisiana State University Press, Baton Rouge, LA, 
USA, 114 p.
Shaffer, G.P., J.W. Day, S. Mack, G.P. Kemp, I. van Heerden, 
M.A. Poirrier, K.A. Westphal, D. FitzGerald, A. Melanes, 
C.A. Morris, R. Bea, and P.S. Penland. 2009. The 
MRGO Navigation Project: A massive human—induced 
environmental, economic, and storm disaster. Journal of 
Coastal Research SI 54:206—224. DOI: 10.2112/SI54—004.1
Sikora, W.B. and B. Kjerfve. 1985. Factors influencing the salinity 
regime of Lake Pontchartrain, Louisiana, a shallow coastal 
lagoon: analysis of a long—term data set. Estuaries 8:170—180. 
DOI: 10.2307/1351866
Sikora, W.B. and J.P. Sikora. 1982. Ecological characterization 
of the benthic community of Lake Pontchartrain, Louisiana. 
LSU—CEL—82—05. Final Report. U.S. Army Corps of 
Engineers, New Orleans District, New Orleans, LA, USA. 
214 p.
Spalding, E.A., A.E. Walker, and M.A. Poirrier. 2007. Restoration 
of 100 square miles of shellfish habitat in Lake Pontchartrain. 
GMP: MX974852—03—0. Final Report. Gulf of Mexico 
Program Environmental Protection Agency, Stennis Space 
Center, MS, USA. 26 p.
Suttkus, R.D., R.M. Darnell, and J.H. Darnell. 1954. Biological 
study of Lake Pontchartrain. In: Tulane University Annual 
Report 1953—54. New Orleans, LA, USA, 59 p.
Swenson, E.M. 1980. General hydrography of Lake Pontchartrain, 
Louisiana. In: J.H. Stone, ed. Environmental analysis of 
Lake Pontchartrain, Louisiana, its surrounding wetlands, 
and selected land uses. Vols. 1 and 2. LSU—CEL—80—08. 
Final Report. Center for Wetland Resources, Louisiana State 
University, Baton Rouge, LA, USA. p. 57—156. 
Tarver, J.W. and R.J. Dugas. 1973. A study of the clam, Rangia 
cuneata, in Lake Pontchartrain and Lake Maurepas, Louisiana. 
Project 2—91—R. Technical Bulletin. Louisiana Wild Life and 
Fisheries Commission, New Orleans, LA, USA. 97 p.
Tomasko, D.A., C. Anastasiou, and C. Kovach. 2006. Dissolved 
oxygen dynamics in Charlotte Harbor and its contributing 
watershed, in response to Hurricanes Charley, Frances, and 
Jeanne – impacts and recovery, 1985—2004. Estuaries and 
Coasts 29:932—938. DOI: 10.1007/BF02798653
U.S. Army Corps of Engineers. 1987. Clam shell dredging in 
Lakes Pontchartrain and Maurepas, Louisiana. ADA186642. 
Final Report, U.S. Army Corps of Engineers, New Orleans, 
LA, USA. 151 p.
Verween, A., F. Kerckhof, M. Vincs, and S. Degraer. 2006. First 
European record of the invasive brackish water clam Rangia 
20
Poirrier and Caputo
cuneata (G. B. Sowerby I, 1831) (Mollusca: Bivalvia). Aquatic 
Invasions 1:198—203. DOI: 10.3391/ai.2006.1.4.1
Visser, J.M., C.E. Sasser, R.H. Chabreck, and R.G. Linscombe. 
2002. The impact of a severe drought on the vegetation of a 
subtropical estuary. Estuaries 25:1184—1195. DOI: 10.1007/
BF02692215
Zheng, D., X. Ding, Y. Zhou, and Y. Chen. 2003. Earth rotation 
and ENSO events: combined excitation of interannual LOD 
variations by multiscale atmospheric oscillations. Global 
and Planetary Change 36:89—97. DOI: 10.1016/s0921—
8181(02)00176—5
